A rapid increase in atmospheric water vapour is a fundamental ingredient for many intense rainfall events. High-frequency precipitable water vapour (PWV) estimates (1 min) from a Global Positioning System (GPS) meteorological site are evaluated in this paper for intense rainfall events during the CHUVA Vale field campaign in Brazil (November and December 2011) in which precipitation events of differing intensities and spatial dimensions, as observed by an X-band radar, were explored. A sharp increase in the GPS-PWV before the more intense events was found and termed GPS-PWV "jumps." These jumps are probably associated with water vapour convergence and the continued formation of cloud condensate and precipitation particles. A wavelet correlation analysis between the high temporal-resolution GPS-PWV time series and rainfall events evaluated in this study shows that there are oscillations in the PWV time series correlated with the more intense rainfall events. These oscillations are on scales related to periods from about 32 to 64 min (associated with GPS-PWV jumps) and from 16 to 34 min (associated with positive pulses of the PWV). The GPS-PWV timederivative histogram for the time window before the rainfall event reveals different distributions influenced by positive pulses of the GPS-PWV (derivative > 9.5 mm/hr) for higher intensity and extension events. These features are indicative of the occurrence of intense precipitation and, consequently, have the potential for application in nowcasting activities.
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| INTRODUCTION
The application of the Global Positioning System (GPS) tropospheric-induced signal delay to estimate the precipitable water vapour (PWV) (hereafter, GPS-PWV) is a good example of an indirect solution for quantifying atmospheric humidity. The magnitude of this delay is related to the integral of the refractivity index of the air as a function of temperature, pressure and water vapour (Bevis et al., 1992) on the optical path followed by the GPS signal. The wet component of this delay provides the PWV , with an error of approximately 5% under all weather conditions (Wolfe and Gutman, 2000) relative to other measurement techniques (Sapucci et al., 2007) and in near real time . The methodology employed in GPS data processing has been continual improvement to minimize the uncertainty, and the PWV estimate has been determined with accuracy > 2 mm (Moore et al., 2015; Shangguan et al., 2015) . Although the vertical humidity structure is not captured in GPS-PWV estimates, the great advantage of the GPS-PWV (in addition to its all-weather capacity) is its high temporal resolution of the order of minutes (Zumberge et al., 1997) . An important application of the GPS-PWV estimate is its assimilation into the Numerical Weather Prediction process, which has a positive impact on short-range forecasts of humidity fields and, consequently, better precipitation forecasts for heavy rainfall events (Cucurull et al., 2004; Bennitt and Jupp, 2012) . Several applications become viable in dense networks and transects as, for instance: studying the diurnal cycle of convective instability (Sato and Kimura, 2005) ; studying the water vapour diurnal cycle (Bock et al., 2008) ; and tracking water vapour advection (Adams et al., 2011) . In addition, the GPS-PWV has been employed to provide water vapour tomography to the study of a mistral/sea breeze event in southeastern France (Bastin et al., 2005) , as well as to investigate the water vapour distribution of a convective rainfall event (Brenot et al., 2014) . The GPS-PWV was also employed for nowcasting studies by Jerrett and Nash (2001) using the GPS signal to nowcast thunderstorm activities; by Kursinski et al. (2008) and Benevides et al. (2015) by evaluating the GPS-PWV's behaviour before precipitation; and by Serra Yolande et al. (2016) to study mesoscale convective events during the North American Monsoon. Guerova et al. (2016) discuss the importance of the GPS-PWV high timeresolution and provide a detailed humidity observation for severe weather nowcasting.
The relationship between the occurrence of intense rainfall and high concentrations of atmospheric water vapour is well known and has been studied for well over a decade. Muller et al. (2009) , using a simple two-layer model, discuss the precipitation-humidity relationship in the Tropics. Holloway and Neelin (2010) employed PWV data from a microwave radiometer with high temporal resolution (6 min) to study the relationship and variability between the column water vapour and precipitation. Chan (2009) evaluated the performance of a ground-based microwave radiometer in intense convective weather events and reported an increasing degree of instability of the Troposphere before the occurrence of heavy rain. Madhulatha et al. (2013) reported a sharp increase in the PWV values approximately 2-4 hr before the occurrence of thunderstorms and developed a nowcasting technique using PWV values and seven other thermodynamic indices from microwave radiometer observations. Mazany et al. (2002) developed a lightning prediction index for Florida based on the GPS-PWV magnitude and its temporal evolution. This index was designed using a binary logistic regression model-based PWV-GPS and other two variable predictors. The GPS lightning index time series showed a typical pattern several hours before a lightning event. Haan et al. (2004) demonstrated the viability of the use of the GPS-PWV combined with satellite imaging to improve thunderstorm and heavy precipitation forecasts during the passage of a cold front. Haan (2006) developed a method for inferring the atmospheric stability from a non-isotropic GPS path-delay signal (slant delay). This large lead time, around 2-3 hr, is probably related to large-scale convergence and not to the convective-scale process because clouds have a shorter life cycle. More recently, Adams et al. (2013) used 3.5 years of Amazon GPS-PWV to study the use of the GPS to derive a water vapour convergence timescale associated with the shallow-to-deep convective transition. Benevides et al. (2015) analysed the temporal behaviour of the GPS-PWV time series in a number of case studies of intense precipitation in the Lisbon area of Portugal.
Considering the 1 hr lead time associated with convective clouds, the near real-time GPS-PWV data could, in principle, be employed as a nowcasting tool for intense rainfall events. Considering the PWV's variability before deep convective precipitation events, probably related to water vapour convergence, the GPS can be used for nowcasting if the variability before a rainfall event is well known. The motivation of the present study is to evaluate this variability and relationship with rainfall, focusing specifically in the high-resolution GPS time-scale data to evaluate the rapid increases in the PWV (hereafter termed the GPS-PWV jump) before the onset of deep convective rainfall events.
The paper is structured as follows. Section 2 presents the data collected during the CHUVA Vale experiment in Brazil and describes the GPS data-processing technique for obtaining PWV values. An X-band radar was used to quantify the spatial-temporal distribution of the precipitation events. Section 3 defines and characterizes the GPS-PWV jumps. Section 4 presents the high temporal-resolution GPS-PWV time-series analysis, including wavelet analysis and time-lag correlations between the precipitation and the GPS-PWV time series, as well as the evaluation of the GPS-PWV derivatives before precipitation events of different extensions. Section 5 concludes.
| DATA COLLECTION DESIGN AND PROCESSING METHOD
The data employed in this study were collected during the CHUVA Vale campaign, one of the field campaigns of the CHUVA project (Machado et al., 2014) . The CHUVA project was designed to investigate cloud microphysical and precipitation processes through six intensive field campaigns covering various precipitation regimes in Brazil. Figure 1 shows the geographical location of the CHUVA Vale campaign. This region is dominated by deep convection with typical rainfall systems that are forced by sea breeze-mountain convergence zones as well as squall lines associated with cold front penetration (Machado et al., 2014) .
| Data from the CHUVA Vale experiment
The experiment consisted of an intensive observation period between November 3 and December 28, 2011. The instruments used were a dual-frequency GPS receiver for scientific applications, a disdrometer and a mobile X-band dual polarization radar (XPol). The TRIMBLE brand GPS receiver, model NETR8 with Dorne-Margolin Choke Ring antenna, used was installed 11 km from the XPol radar at the site nominated by the Institute of Advanced Studies (the IEAV site). Any sky obstructions around the GPS receiver were avoided to minimize the multi-path effect in GPS signal propagation. See Figure 1 for more details about the sites at which the instruments were placed. The GPS satellite signals were sampled at 1 s frequencies, whereas the collocated meteorological sensor captured the pressure and temperature at 1 min frequencies. A JossWaldvogel brand acoustic impact disdrometer (Joss and Waldvogel, 1967) , model RD 80, was installed a few metres from the GPS receiver. The XPol radar scan strategy collected one volume scan every 6 min at 13 elevations, from 1 to 25 , with 1 and 150 m angular and radial resolutions respectively. Owing to a technical problem, the radar was turned off between 1236 UTC on November 14 and 1941 UTC on November 15. The radar data were preprocessed using the attenuation correction of the reflectivity, employing the algorithm for ground-based polarimetric radars (ZPHI algorithm) proposed by Testud et al. (2000) . For a detailed description of the radar and disdrometer preprocessing, see Calheiros and Machado (2014) .
| High temporal-resolution GPS-PWV time series
The zenith total delay (ZTD) was obtained by processing the GPS data using GOA-II (Gipsy, GPS Inferred Positioning System; OASIS, Orbit Analysis and Simulation Software II; Gregorius, 1996) software by applying the precise pointpositioning method in post-processing mode with the precise ephemeris of the GPS constellation provided by the NASA Jet Propulsion Laboratory (JPL). The sampling rate of the used GPS satellites ephemeris is 15 min for orbits and 5 min for the GPS satellite clock.
To ensure the quality of the PWV time series with the high temporal resolution required for this study, in the dataprocessing strategy adopted the known uncertainty sources were taken into consideration by applying the recommended models and adjusting the parameter exploring the available stochastic models. The latest version of the GOA-II software (v. 6.3) was used: it adjusts parameters with high temporal resolution by exploring the sophisticated orbit integrator package to estimate the GPS satellite position in each epoch. The ocean tide model FES 2004 (Lyard et al., 2006) , recommended by the International Earth Rotation and Reference Systems Service (IERS Conventions, 2010) , was applied in this processing. A method of antenna absolute calibration (Schmid et al., 2007) was applied by GOA-II to ensure the correct phase centre variation of the satellites and receiver antennas using parameters provided by the International GNSS Service (IGS) website (Montenbruck et al., 2015) . The data processing with GOA-II software to obtain ZTD estimates was performed by selecting the global mapping function (Boehm et al., 2006) and the sampling rate of the ZTD estimates of 60 s. The parameters employed to estimate the ZTD are listed in Table 1 . The zenith wet delay was obtained from the ZTD after removing the zenith hydrostatic delay obtained by the application of a representative tropospheric temperature model and a surface pressure measurement (Davis et al., 1985) . The zenith wet delay was converted to the PWV by using the relationship suggested by Bevis et al. (1992) . The mean tropospheric temperatures with a sampling rate of 1 min were obtained from the temperature and pressure measured at the GPS antenna by applying the regional model suggested by Sapucci (2014) , which is the most suitable for this region. The sampling rate of the GPS-PWV values was 1 min. The GPS-PWV time series suffered some short failures due to interruptions in data collection. These time-series interruptions occurred in 3,183 epochs (3.1% of the total period), and the missing values were filled by a cubic spline interpolation method specific for the application of wavelet analysis, which requires complete time series without failures. These interpolations were concentrated within two specific days of year (DoY) (331 and 348), and these periods with PWV interpolated values were not employed in the data analysis.
| Precipitation time series from a disdrometer and XPol radar data
The reason for choosing a disdrometer to quantify the precipitation is that this instrument provides an instantaneous measurement of the rainfall intensity (mm/hr) at the same GPS-PWV sampling rate; however, this information is only representative of a very small spatial scale (a sampling area of 50 cm 2 ). Notably, the XPol radar data generate information with a different and more representative spatial resolution around the GPS receiver.
The precipitation rates were obtained from the Joss disdrometer data by applying the methodology suggested by Kinnell (1976) , in which the precipitation intensity of each 1 min is inferred from the size and concentration of the rain drops observed during this period. The precipitation data from the XPol radar observation were obtained by applying the dual polarization surface rainfall intensity algorithm, which calculates the rainfall rate (R) from the reflectivity (Z) and specific differential phase data obtained in multipleelevation polar volumes. In this method, polarimetric measurements are used to calculate R by applying a combined Z-R relationship (Bringi et al., 2005) . The final product of this process is a gridded map (60 km radius around the XPol radar) with a horizontal resolution of 200 m, in which each grid point value for rainfall intensity (mm/hr) at a sampling rate of 6 min is available.
Several options exist for the selection of the rainfall area used to calculate the time series of the precipitation fraction observed by the radar which is then combined with the GPS-PWV. The rainfall area can be selected as that with the highest correlation between the GPS-PWV and the rainfall, even considering a lag among the two measurements, as will be demonstrated below. The selected area for this study was 4.4 × 4.4 km (approximately 20 km 2 ) around the GPS antenna, which corresponds to 22 × 22 radar pixels centred on the GPS's position. Although this area does not exactly match the cone of the GPS observation, it presented the highest correlation with the rainfall area fraction. The rainfall area employed in this study is only a reference for the description of the GPS-PWV and rainfall relationship. Figure 1 shows the configuration of the XPol radar, GPS antenna and disdrometer in the CHUVA Vale experiment and highlights the selected area. The precipitation field observed by XPol on December 14, 2011 (DoY 348) is also presented to illustrate the points from the XPol gridded map used to represent the precipitation area around the GPS antenna taken into account in this study. This event was chosen because it was the most intense, with 70% of the area around the GPS antenna recording precipitation > 50 mm/hr.
As the focus here is to study the GPS-PWV behaviour during intense rainfall, the statistical measurements calculated from the radar data were for the case studies at the 95th percentile of the intensity of the precipitation observed in the selected area. Additionally, to evaluate rainfall events of different intensities, the rain fraction was computed as the fraction of area of 4.4 × 4.4 km around the GPS antenna with precipitation rates above some chosen threshold. The first approach emphasizes the more intense localized precipitation events; the second simultaneously quantifies the intensity and extension of each event. The chosen thresholds to compute the rain fraction considered the following intensities: moderate to heavy (> 20 mm/hr), heavy to intense (>35 mm/hr) and intense to torrential (> 50 mm/hr). The disdrometer was used only for a reference and for comparison with the radar rainfall estimations. Figure 2 presents time series for the GPS-PWV (Figure 2a ), the precipitation from the disdrometer data ( Figure 2b ) and, from the XPol radar, the 95th percentile of the precipitation intensity ( Figure 2c ) and the rain fractions for different thresholds (Figure 2d ). The period studied was from November 9 (DoY 313) to December 28 (DoY 362), 2011, during which the GPS receiver, XPol radar and disdrometer were simultaneously collecting data. Figure 2 shows that the disdrometer time series is consistent with the 95th percentile time series, although differences are expected due to the different areas covered by each instrument, and besides, the total precipitation from the disdrometer is always larger than that measured by radar and a rain gauge because large droplets were not filtered as suggested by Giangrande et al. (2016) .
| BEHAVIOUR OF THE PWV TIME SERIES BEFORE PRECIPITATION EVENTS: THE GPS-PWV JUMPS
The high temporal resolution obtained with the GPS-PWV enables the evaluation of high-frequency variations and their relationship with intense precipitation events. The GPS-PWV time series shows a well-defined sharp increase before the occurrence of precipitation, as reported by Kursinski et al. (2008) as a rapid rise in the PWV preceding the rain events. Shi et al. (2015) , when using the GPS-PWV to monitor water vapour variation, showed that ascending and descending patterns of the GPS-PWV can be identified before and after each rainfall event. Benevides et al. (2015) , in a case study, reported that severe rain events occurred just after the largest GPS-PWV peak. There are strong oscillations generating a significant increase in the total water vapour content until a maximum is reached. Subsequently, a strong GPS-PWV reduction is observed, and after a short interval, the precipitation also reaches a maximum peak. This sharp increase in the GPS-PWV values before the occurrence of more intense rainfall events is GPS-PWV jump. The GPS-PWV time series was evaluated using wavelet analysis in a study of correlation and lags with rainfall events to form a conceptual model with predictive capacity, which can be useful as a nowcasting tool for strong precipitation events. Figure 3 shows a typical case exemplifying the PWV behaviour before precipitation occurs on DoY 341; this was one of the strongest events registered during the CHUVA Vale experiment. Before the severe precipitation begins, the GPS-PWV follows several positive pulses, increasing the value and forming the GPS-PWV jump, until it reaches a peak of maximum value. These pulses are in a temporal scale lower than the PWV jump, which can be identified by differences between PWV values (pulses in the PWV), shown in the inset in Figure 3 (shown by vertical arrows) . After the GPS-PWV crest, a decreasing period is observed some minutes before severe precipitation. Figure 3 clearly shows this configuration of a crest in the GPS-PWV time series around precipitation (composed of several pulses) and its subsequent decrease immediately before the beginning of stronger precipitation.
This GPS-PWV behaviour before precipitation occurs not only for more intense events but also for lower rainfall rates. Figure 4 shows that other GPS-PWV jumps observed before rain events with different intensity/extension occurred on DoY 315 (41% of precipitation fraction > 35 mm/hr), DoY 333 (2%) and DoY 358 (only 1% of precipitation fraction > 35 mm/hr). Figure 4 shows the intensity of these sharp increases in the GPS-PWV are larger before more extensive precipitation. Table 2 presents all precipitation events in which rainfall > 20 mm/hr was observed by the XPol radar in the area of 4.4 × 4.4 km around the GPS antenna. Table 2 also presents the DoY and time of maximal radar precipitation of each event and the respective fraction rain > 20, 35 and 50 mm/hr. To obtain an overview of the hardiness of the GPS-PWV jumps feature before precipitation, Figure 5 show the composite mean of the GPS-PWV time series from 60 min before to 60 min after the maximum observed precipitation (fraction rain > 35 mm/hr) for the 18 events listed by Table 2 . The composite presented shown in Figure 5 is normalized by maximum GPS-PWV values   FIGURE 3 The Global Positioning System precipitable water vapour (GPS-PWV) jump observed in the 2 hr period before a heavy storm that occurred during day of year (DoY) 341 (December 7, 2011, 1836 UTC) before precipitation. The composite mean shows that the GPS-PWV jump is strongly remarkable before the maximum precipitation, in which the maximum of the composite mean is observed in 30 min and lower dispersion in 25 min before the maximum precipitation. The time lag between the maximum GPS-PWV and the time of the maximum rainfall is presented as an inset in Figure 5 . In this histogram, it is clear there is a range of lag time between the GPS-PWV and precipitation maximums. The precipitation area and the temporal resolution of the GPS-PWV here employed have an impact on this lag time. For instance, Adams et al. (2013) , when using a rain gauge and the PWV with a sampling rate of 30 min over the Amazonian region, found a zero lag. However, in the present study shows that the GPS-PWV signal can represent a precipitation area and not only a punctual measurement over the GPS antenna. An analysis of the timelag correlation is necessary to define this interval between the maximal GPS-PWV and precipitation, which is carried out in the next section.
This temporal behaviour of the PWV (GPS-PWV jumps) before the occurrence of intense rain events could be explained by the following physical processes: Lindzen and Tung (1976) showed that water vapour may increase through low-level moisture convergence produced by wave patterns generated by gravity waves forced by the released latent heating in the strong convective process. The variation of the moisture convergence generates a sequence of pulses increasing in the PWV values, similar those shown in Figure 3 . Raymond (1987) discusses low-level water vapour convergence forced by a gravity wave, but also discusses others physical mechanisms that induce low-level moisture convergence, as, for instance, unstable surface parcels accelerating upwards by local convergence. Sometime after the crest of the jump, rain reaches its maximum intensity followed by a decrease of the PWV. A possible reason for the PWV decrease is associated with the conversion process from water vapour to liquid. This conversion changes the dielectric medium, where the refractivity is induced by the displacement of charge (Solheim et al., 1999) . While the refractivity from water vapour is due to the polar nature of the water molecule, the GPS phase delay induced by liquid water (hydrometeor) is proportional to the electric permittivity of the formed dielectric medium and, consequently, is much lower than the delay generated by the water vapour. Another physical mechanism that can explain this PWV reduction is the storm downdraft that dries and cools the atmosphere. In addition, the PWV decreases after precipitation starts can be associated with the final process of surface convergence, or simply by the advection process forced by the shear and storm movement. The lag time between the crest and the maximum precipitation can vary from the selected area fraction employed or by the convection type. The precipitation efficiency, normally a function of the wind shear, can play an important role in this feature. Adams et al. (2013) considered that the conversion of water vapour to liquid and precipitation are of second order during the process of increasing PWV. It is probably true during the phase of cloud formation, however, when the precipitation starts, that this conversion could be of the first order.
| HIGH TEMPORAL-RESOLUTION GPS-PWV TIME-SERIES ANALYSIS
This section explores the high temporal-resolution GPS-PWV time series and precipitation of different intensity and extension and it characterizes the PWV-GPS jumps. The wavelet analysis allows a study to be made of the main timescale of the GPS-PWV variability and the time-lag correlation with rainfall. This section also explores the GPS-PWV time-derivation analysis and its potential for nowcasting application.
| Wavelet analysis
Wavelet analysis is used to perform a detailed analysis of the GPS-PWV time series and to evaluate the variability within different timescales (denoted here as intra-relation), as well as to assess the relationship between the GPS-PWV time series and the precipitation time series (denoted here as inter-relation wavelet analysis). This methodology enables simultaneous decomposition of the PWV time series as a function of time and frequency (Daubechies, 1992) . Consequently, accessing the information regarding the signal FIGURE 5 Composite Global Positioning System precipitable water vapour (GPS-PWV) time series 60 min before and 60 min after 18 the precipitation events listed in Table 2 , and the distribution of the time lag between the maximum GPS-PWV and the time of the maximum rainfall of these events (precipitation fraction > 35 mm/hr in the area of 4.4 × 4.4 km centred on the GPS) amplitude/frequency and its variation as a function of time becomes possible. Appendix S1 presents more information about the wavelet analysis and methodology employed in this study. The results obtained in the wavelet power spectrum in an intra-relation analysis of the GPS-PWV and 95th percentile of the precipitation intensity time series are also presented in Appendix S1. The analysis of the wavelet power spectrum during precipitation events indicates the scales evolved in the GPS-PWV jumps events. Note the importance of the 128 to 16 min timescale during more intense precipitation events than during light rainfall events.
Daubechies and least asymmetric wavelets, with different filter lengths (coefficient number), were used in the interrelation analysis of the GPS-PWV and precipitation. The results were quite similar independently of the mother wavelet, but the correlations were maximized when the mother wavelet has a larger filter or more coefficients. Figure 6 shows the estimated wavelet correlations using the larger filter (LA20 mother wavelet). Figure 6a shows the wavelet correlation and its 95% confidence interval between the GPS-PWV and the 95th percentile of the precipitation intensity as a function of the wavelet scale, represented by the respective time periods, considering the zero lag. In this analysis, the precipitation estimated from the XPol radar, originally with a sampling rate of 6 min, was linearly interpolated to a rate of 1 min. The results show that the positive wavelet correlation between the PWV and precipitation intensity is stronger for the scale related to the period between 32 and 64 min, indicating the scale on which the most important GPS-PWV oscillations associated with precipitation events occur. Larger than this timescale, the correlation decreases, followed by another increase due to the influence of the diurnal cycle. The correlations are not very high, but they are statistically significant at a 95% confidence interval.
To evaluate the results presented in Figure 6a for different intensities and extensions of the precipitation events, the other insets shows the wavelet correlation for zero lag between the GPS-PWV and precipitation fractions as a function of the period bands for different rain fraction intensities (> 20 mm/hr, Figure 6b ; > 35 mm/hr, Figure 6c ; and > 50 mm/hr, Figure 6d ). The 95% percentiles give information about the maximum rain rate (which can be only 1 point) in the area of 4.4 × 4.4 km around the GPS antenna. The rain fraction gives information about the fraction of this studied area covered by a rain rate above these thresholds. There are some events where the rain intensity can be high and the fraction small, for instance, the cases of isolated clouds. Therefore, the area fraction presents a closer representation of rainfall events related to low-level convergence because it gives information about the amount of liquid water in the area. The peak of the wavelet correlation observed in the period from 32 to 64 min is significant for the three rain thresholds. The plots in Figure 6 also show stronger wavelet correlation when only heavy to torrential precipitation events are taken into consideration. That signals the occurrence of precipitation events of large intensity and extension, which suggests that the GPS-PWV jumps are concentrated at this scale. It is also important to highlight that the correlation is larger on this scale than on adjacent scales.
To investigate a possible lead-lag time relationship between these time series, the wavelet cross-correlations (WCCs) were estimated for various lags (Whitcher et al., 2000) . For simplification, the precipitation threshold of 35 mm/hr was selected in this analysis. Figure 7 shows the WCCs between the GPS-PWV and the percentage of points with precipitation > 35 mm/hr, observed by radar co-located to the GPS antenna, as a function of the lead-lag for different periods. Lower wavelet scales such as 2-4 and 4-8 and 8-16 do not exhibit cross-correlations significantly larger than zero for larger lags (see the grey triangle in the WCC plots). For timescales between 16-32 and 32-64, two positive peaks in the WCC are observed, as indicated by the grey arrows in Figure 7 . These peaks are at lags of -28 and -12 min for wavelet scales of 16-32 min periods and lags of -30 and -5 min for 32-64 min periods. Patterns in higher timescales, > 64 min corresponding to the daily trends humidity, present the largest WCC values with a lag of 30 min. Although the precipitation and GPS-PWV time series present very distinct behaviours, the WCC revealed the relationship between wavelets for scales related to time periods from 16-32 to 32-64 min in a lead-lag of about 30 min before the precipitation events. These results obtained by correlation wavelet analysis demonstrate that the GPS-PWV jump is associated with the PWV oscillations in the period 32-64 min. In addition, these results suggest that PWV higher frequency positive pulses that build the PWV jump are within the timescale of 16-32 min.
The wavelet correlation analysis between the GPS-PWV in different timescale and precipitation events emphasizes the potential of this technique to predict intense precipitation events. The GPS-PWV jump occurs before precipitation; however, the intensity of the jump, formed by these positive pulse oscillations, depends on the rainfall rate. Of course, it should have regional variability because the timescale between humidity convergence and rainfall may depend on many physical processes and environmental conditions, as discussed above.
| Time-lag correlation analysis
The relationship between rainfall intensity (or rain fraction) and the GPS-PWV is different for each event; however, the GPS-PWV peak is a well-delineated pattern. The time interval between the moment of the PWV crest and maximal precipitation can vary between cases. The WCC shows on which scale the correlation between the GPS-PWV and precipitation time series is higher, as well as the lead-lag interrelation between them. However, evaluating the lag correlation for positive and negative correlations is also important for further developing nowcasting tools. Figure 8 shows histograms for the lag correlations (the time lags for the maximum and minimum correlations) between the GPS-PWV and rain fraction for all events in which the rainfall rate observed around the GPS antenna was > 20 mm/hr. The 18 events listed in Table 2 were evaluated, in which different rain fractions were observed using the XPol radar. The histogram was constructed based on the correlation time lags found for the positive (maximum) and negative correlations (minimum). The search time-lag interval for the positive (negative) correlation was restricted for a period before (after) the precipitation because there were some subsequent rain events very close by that could mislead the results. The type of correlation used in this study was Spearman's ρ (Best and Roberts, 1975) because the GPS-PWV does not have a normal distribution. Additionally, the statistical significance of each correlation was evaluated by rejecting the hypothesis of a null correlation when p < 5% significance level.
The histograms presented in Figure 8 indicate that the GPS-PWV crests are more frequent in the interval between 15 and 30 min before maximum precipitation occurs (39% of the cases evaluated), and 85% of the positive correlations occurred between 15 and 60 min. After the rainfall events, when the GPS-PWV decreased, the time lag observed was between 15 and 60 min. In 50% of the cases, the minimum GPS-PWV occurred between 45 and 60 min. As already mentioned, several mechanisms can be responsible for the PWV decrease, and the specific physical process for each event can vary. This result corroborates the pattern observed in Figure 3 , which shows the GPS-PWV maximum before the precipitation event and its minimum after the maximum precipitation, which indicates a conceptual model that can be explored for nowcasting applications. (2015) suggest a maximum threshold of the GPS-PWV time derivation to predict a rainfall event. However, the results reported by wavelet analysis demonstrated a very complex process and a more elaborate model should be employed to predict a rainfall event instead of a single threshold. The intensity of the precipitation event is highly correlated with the intensity of the PWV time derivation and the PWV absolute value, which is formed by a succession of pulses of positive increases in the PWV, which compose the GPS-PWV jumps. Therefore, the GPS-PWV signal, before the occurrence of intense rain events, should be detected by analysing the PWV-GPS time-derivation distribution in an appropriated time window. The size of the time window suggested in this study is 80 min (96 to 16 min before the maximum precipitation). This time window was selected because it contains the GPS-PWV jumps, the peaks of maximum PWV (85% of the cases, as shown by time-lag correlation analysis) and the last and stronger positive pulses of the PWV that compose these jumps. The last 16 min before the precipitation was not used to evidence the potential nowcasting of these results. This period before the precipitation event occurred on DoY 341 is illustrated by the grey box in Figure 3 .
The histogram of the GPS-PWV time derivation before precipitation events of different intensities were analysed as a function of the area fraction. Figure 9 shows the distribution of the GPS-PWV time derivative for the period 96 to 16 min before the maximum precipitation peak for the 18 evaluated events for different terciles of rain fraction (> 35 mm/hr). This precipitation threshold was employed because it has been shown to be the lowest threshold (among the three tested) of rainfall intensity evaluated that presents a significant WCC between the GPS-PWV and precipitation in this time window. Table 2 lists the rainfall events in the terciles and the precipitation fraction observed using the XPol radar during the maximum precipitation peak for each event. In Figure 2d , each event can be visualized by observing the respective DoY. The same calculation was conducted for periods with rainfall events of intensities < 20 mm/hr including periods without observed precipitation, which is labelled in Figure 9 as "Other cases." The derivatives were calculated every 1 min using Δt = 6 min. This interval was selected because it is the sampling rate of the precipitation observed using the XPol radar. The statistical metrics of the derivative for different terciles of the precipitation extension are shown in Table 3 . Figure 9 clearly shows a strong change in the pattern of the derivative distribution as a function of the different precipitation extension terciles. In the period without significant rain, the derivative frequency distribution is like a Gaussian distribution with an average of zero and a standard deviation (SD) of 2.5 mm/hr. However, the average of the derivative increases when the precipitation fraction increases, and the peak of the maximum GPS-PWV time derivation moves to positive values as the rainfall terciles increases. Notably, this effect is evident for the middle and upper rainfall terciles and is nearly undetectable for the lower terciles. For the lower terciles, associated with moderate rainfall events, the time derivation histogram is closer to the non-rainfall or reduced-area rain events. This pattern impacts strongly the average GPS-PWV time-derivation values, which change from 0.2 to 0.4 mm/hr for the lower and middle terciles respectively to 2.0 mm/hr for the upper tercile.
The GPS-PWV time-derivation analysis showed that most of the positive derivative frequencies occur before the maximum GPS-PWV peak. The positive derivative > 9.5 mm/hr increases more substantially before rainfall events in the upper tercile (8.8%) than for events in the middle (0.6%) and lower terciles, which are not observed. These changes in GPS-PWV are associated with the positive pulses of the PWV before intense-extensive rainfall events, as discussed in the previous analysis. Figure 10 shows the case-to- Table 2 were taken into account in this analysis Frequency polygons of the Global Positioning System precipitable water vapour (GPS-PWV) derivatives calculated over the period of 96 to 16 min before the maximum peak of precipitation events for different terciles of the precipitation fraction > 35 mm/hr observed using the XPol radar case events of the upper terciles and the composite time series of the GPS-PWV time derivation normalized by rainfall time. It shows that the GPS-PWV composite configured the PWV jump with a peak 20 min before maximum precipitation and the 60% of total precipitation was observed in the last 10 min of the time window used. The GPS-PWV timederivation values' mean is positive from 96 to 22 min before the maximum precipitation with three local maximums (28, 49 and 79 min before maximum precipitation). These local maximums are affected by positive pulses of the GPS-PWV (derivative > 9.5 mm/hr), which are observed in five events (85% of the cases) contained in the upper tercile. In other words, this result indicates that the monitoring of the increase in the population of the GPS-PWV derivatives > 9.5 mm/hr can be explored for future application to nowcasting. Haan and Holleman (2009) reported the construction and validation of a real-time PWV map from a GPS network combined with data from weather radar, a lightningdetection network and surface wind observations. They tested a nowcasting algorithm for three thunderstorm case studies and concluded that the GPS-PWV in real time can be helpful for the nowcasting of severe thunderstorms. Shi et al. (2015) studied the PWV estimates in real time for rainfall monitoring and forecasting and showed that this estimate has quality comparable with a post-processed product. A significant reduction in latency was obtained with the GPS data processing proposed by Shi et al. (2015) , which demonstrated a promising perspective of the PWV-GPS data for rainfall forecasting. The results presented in this study confirm the huge potential of the use GPS-PWV jump characteristics when employed in nowcasting.
| CONCLUSIONS
This work evaluates the relationship between large and rapid increases in the Global Positioning System precipitable water vapour (GPS-PWV) and the occurrence of rainfall events observed by radar during the CHUVA Vale experiment in Brazil. A detailed analysis of the GPS-PWV time series was carried out, and a strong and sudden sharp increase composed predominantly of positive derivatives before the precipitation events were identified was called GPS-PWV "jumps." In this process, a crest in the PWV series (composed by several positive pulses of PWV) is remarkable before the precipitation events. Although this sharp increase can be observed for any precipitation event, it is preponderant before more intense and extensive precipitation events.
The wavelet analysis for the GPS-PWV time series was explored to characterize the strong changes in the power spectrum between different timescales during precipitation events generated by the occurrence of the GPS-PWV jumps. Additionally, the application of the wavelet cross-correlation (WCC) between the PWV and precipitation showed that important oscillations exist between these variables on the scale related to a period between 32 and 64 min (associated with GPS-PWV jumps) and between 16 and 34 min (associated with positive pulses of PWV), which is stronger for events of large intensity and extension.
A time-lag correlation histogram shows that in 85% of the studied events, a crest in the PWV time series occurs between 15 and 60 min before the maximum precipitation. The GPS-PWV derivative histogram shows the distribution change for different precipitation extension terciles. The averages of the GPS-PWV derivatives present an increase in positive values as a function of the increase in the rainfall extension terciles. The results suggest that the derivative averages in the interval of 96 to 16 min before precipitation changes to positive values (2 mm/hr) influenced by the GPS-PWV jump, and an increase in the frequency of the high GPS-PWV time-derivation values (> 9.5 mm/hr associated with positive pulses of PWV) indicates the preeminent event of intense to torrential precipitation. There is a clear GPS-PWV time-derivation pattern that can be explored for use in nowcasting applications. Derivative mean GPS−PWV mean Precipitation mean FIGURE 10 Time series of the Global Positioning System precipitable water vapour (GPS-PWV) derivative before precipitation for upper terciles. The means of the GPS-PWV derivative, precipitation and GPS-PWV for these events are also shown (grant process numbers 2009/15235-8 and 2015/14497-0) and by the Contractual Instrument of the Thematic Network of Geotectonic Studies CT-PETRO (PETROBRAS) and Instituto Nacional de Pesquisas Espaciais (INPE) (grant number 600289299), which provided the GPS receiver used. The raw data (Level 0) used from the XPol radar, disdrometer and GPS receiver and the values obtained by applying the methodology reported in Section 2 (Level 2) are freely available through the Brazilian Institute for Space Research (see ftp://pararaca.cptec.inpe.br/) after registration in the CHUVA Project portal (see http://chuvaproject.cptec. inpe.br).
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